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Abstract.  Soil-structure interaction involves kinematic and inalteffects that affect the
dynamic behaviour of the structures. Thus, a proper assassof their dynamic response
requires the development of models that incorporate, irgamus manner, the interaction be-
tween the structure and the soil on which it is founded. Tl@®seaction phenomena depend
on factors such as: the foundation type, its geometry anceedmient depth, the soil type and
stratigraphy as well as the characteristics of the struetuin line with other authors’ studies
for shallow [7] and embedded foundations [15], a simple $ubguring model of soil-structure
interaction in the frequency domain is proposed herein @eate the influence of these factors
on the dynamic response of structures founded on pile gratnes subjected to seismic loads.
A BEM-FEM coupling model [5] is used to compute the impedduacetions and the kinematic
interaction factors. A simple and stable procedure is dawedl in order to estimate the pe-
riod and damping of structures supported by different caméiions of pile groups considering
soil-structure interaction. For this purpose, several nfigations are introduced in the strategy
presented by Awls and Rrez-Rocha [15] for embedded foundations. A diagonal iraped
matrix that takes into account the cross-coupled impedsané@ile groups, which allows get-
ting manageable equations, is obtained in the lines of Masaat al. [16] in the case of single
piles. All equations are expressed in terms of dimensisnp@sameters. An analysis of the
influence of some of the main characteristics of the foundatifecting the system response is
accomplished. The results show that cross-coupled immedaand soil-structure interaction
effects should not be neglected.
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1 INTRODUCTION

The dynamic characteristics of the interacting system, elkas the ground motion around
the foundation, are both influenced by kinematic and inkgffacts associated to soil-structure
interaction (SSI). The exact analysis of this interactionluilding structures may be imple-
mented through a substructuring methodology, which esalbh®reover, to accomplish para-
metric analysis in the broad sense with low computationfaref It is common knowledge
that two fundamental problems have to be solved in these Is@aerder to carry out a SSI
harmonic analysis: the evaluation of the impedance funstand the input motion (kinematic
interaction) of the foundation. Then soil-structure sgste analized through a rigid-base struc-
ture over springs and dashpots representing the soil-atdiordsystem and subjected to a base
excitation due to the kinematic interaction factors oledifor the type of foundation analized.

On the other hand, direct approaches, modelling simultiasigdhe main aspects of the
problem and their mutual interactions more rigorously [J1-abe both more complex and more
demanding from the computational point of view, and are eqnently not frequently used
for the analysis of this kind of problems. Even so, these pughare specially competitive
in the analysis of interaction phenomena among nearbytstes; and in problems involving
nonlinearities.

The effects of SSI on the effective period and damping ofsioucture systems have been
extensively studied either for surface-supported fouodat(e.g.[6=12]) or for embedded foun-
dations[13, 14]. However, they have been examined at thiegra of the kinematic interac-
tion. Avilés et al.[15] evaluate the effects of foundatembedment on the effective period and
damping and the response of soil-structure systems, anisiboth kinematic and inertial in-
teraction. Among other simplifying assumptions, all theskitions neglect the cross-coupled
stiffness and damping terms.

On the other hand, there are few studies in the scientifiatibee that analyse the dynamic
characteristics of pile-supported structures. In thig,IMaravas et al. [16] presented an approx-
imate iterative procedure placing the reference systerdepth such that a diagonal impedance
matrix is obtained. This procedure allows to study the Sfelcé$ on single-pile supported one-
storey shear structures considering the influence of @ogpted impedances on their dynamic
response.

The aim of this work is to evaluate the influence of SSI on th&opeand damping of struc-
tures founded on square pile groups, in homogeneous vastoehalf-spaces subjected to ver-
tically incident S waves. The analysis is performed by a subtiring model in the frequency
domain that takes into account both kinematic and inemiedraction effects. In order to do
this, a simplified, stable and accurate procedure is prapbseein. This procedure allows
to determine the dynamic characteristics of an equivalstously damped single-degree-of-
freedom (SDOF) oscillator, which being subjected to the-field ground motion, causes the
same response in terms of shear force at the base of theustrastthe coupled system involv-
ing kinematic and inertial interaction with the foundatiground within the range where the
peak response occurs.

All equations are expressed in terms of the main dimensssriparameters of the problem
which considerably facilitates the analysis of their infloe on the system dynamic response.

In this study, the harmonic response of the soil-structyséesn is computed by making use
of impedance functions and kinematic interaction factetsch are both frequency-dependent
functions, computed by a BEM-FEM coupling model [5].

Finally, results for different piles configurations areggeted. The influence of some of the
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parameters involved (mass density ratio, fixed-base sguamping, pile-soil Young’s modu-
lus ratio, number of piles) are studied over practical rangfanterest.

2 PROBLEM DEFINITION

A model consisting of a single-degree-of-freedom systeitsifixed-base condition, as the
one represented in Figlitel, is used in this paper to studyyth@mic behaviour of linear shear
structures. This model may represent either one-stordglibgs or one mode of vibration of
multi-storey multi-mode structures. The structure is deed to be founded on a square pile
group embedded in a homogeneous, viscoelastic and isothaffrspace. The pile cap that
constrains the pile heads is assumed to be a rigid squaeegdlaegligible thickness which is
not in contact with the half-space. The columns of the stmectre supposed to be massless
and axially inextensible. Both the foundations mass andgsthetural mass are considered to
be uniformly distributed over square areas. The pile graugiguration, which is illustrated in
Figurell, is defined by foundation halfwidthcentre-to-centre spacing between adjacent piles
s, length L and sectional diametef of piles, cap mass:, and cap moment of inertia about a
horizontal axis passing through the centre of gravity ofdap/,. The dynamic behaviour of
the structure can be defined by its fixed-base fundamentaldiEr the height: of the resultant
of the inertia forces for the first mode, the masgarticipating in this mode, the moment of
inertia of the vibrating mass, the structural stiffnesk, and the viscous damping ratjo
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Figure 1: Problem definition.

The system response, when soil-structure interaction nsidered, can be approximated
by that of a three-degree-of-freedom system defined by tlietatal horizontal deflection
together with the foundation horizontal displaceme&hand rockingy©. Vertical and torsional
motions are neglected in this study.

3 SUBSTRUCTURE MODEL

This problem can be studied using the substructure methggathich provides accurate
results for this kind of problems and at the same time alloaggoming parametric analy-
sis with very little computational effort. For this purpofee system is subdivided in&oil-
foundationstiffness and damping, represented by means of springsaaigbdts (see Figure 2),
andbuilding-capsuperstructure. The solution can be broken into three séespproposed by
Kausel and Roésset [17]. In the case under study, the fagtcsinsist in the determination of
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the frequency dependent kinematic interaction factorclhepresent the horizontal,) and
rocking (p,) motions of the massless pile cap when subjected to the sgpoémotion as the
total solution. In the present case of deep foundations) eedically incident S waves in a half-
space (for which the free-field motion at the ground surfaaxclusively horizontal) generate
rocking kinematic response at the pile cap. The second stigpabtain the impedances whose
mathematical representationAS; = k;; + ia,c;;. The dimensionless frequency is defined as
a, = wb/cs; Wherew is the excitation circular frequenay, = +/ s/ ps the speed of propagation
of shear waves in the halfspace, andand, the soil mass density and shear modulus of elas-
ticity, respectively. These complex-valued frequencpetelent functionsk..., c...), (keg, cos)
and (k.e, c9) represent the stiffness and damping of the soil in the hot&procking and
cross-coupled horizontal-rocking vibration modes,retipely. When computed numerically,
the cross-coupled termg:.,y, c.) and (kq., cy.), Which should be identical, are not exactly
eqgual to one another. Given that this difference is not ficamt for practical purposes, they are
considered identical in this approach. Lastly, the respafishe structure supported on springs
and subjected to the motion computed in the first step is ctsolpat each frequency.
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Figure 2: (a) Substructure model of a one-storey structure. (b) Eaamt single-degree-of-
freedom oscillator

Hence, the equations of motion of the system depicted inrE[@(a), assuming small dis-
placements, can be expressed in terms of relative motiens, a

m - [t + g+ g+ h(Py+ @)+ K-u=0 (1)

mO[uﬁ+ug]+Kxxuﬁ+Kx9g0ﬁ—Ku:0 (2)

m-h[ﬂ+ﬂi+ﬂg+h(¢g+¢ﬁ)]+I(¢fn+¢g)

. . T 3)
+ Koy - up + Koo - 05 + Io(@5 + ¢g) =0

where eq.[(ll) represents the horizontal force equilibridrthe structure, eq[{2) the horizon-
tal force equilibrium of the soil-foundation system and @).the moment equilibrium of the



Cristina Medina, Juan J. Aznarez, Luis A. Padron and @idaviaeso

structure-foundation system about the centre of gravitthefpile cap. This set of equations
can be expressed in a matrix form as

K 0 0 m m mh
K Ky Kug |-’ 0 m, 0
0 ng Kg@ mh mh th +[O+I
(4)
U m mh
ut | = w? My | Ug + 0 o
o8 mh mh?+1I,+1

where K' = k + i2w,méw, beingw, = 2x /T the fixed-base natural frequency of the super-
structure, and motions have been assumed to be time-harmidthie typeu(¢) = ue™*. Once
the foundation input motion is computed and the right-haactar and the coefficient matrix
are known, the structural deflection and foundation redatiotions can be computed for every
frequency.

4 DIMENSIONLESS PARAMETERS

A set of dimensionless parameters, covering the main fesitof SSI problems, has been
repeatedly used in the related literature to perform panacrenalyses/[7,/8,13, 15]. Follow-
ing these authors, the parameters that will be used heraihamcterize the soil-foundation-
structure system are:

The wave parameter = ¢,7'/h, measuring the soil-structure relative stiffness.

The structural slenderness ratigh, measuring the relation between structure height and
foundation half-width.

The mass density ratib= m/(4p;b*h) between structure and supporting soil.
The foundation-structure mass ratig,/m.

The dimensionless fixed-base natural frequency of thetstreithat can be expressed by
means of the ratio = w, /w.

The fixed-base structure damping ragio
The dimensionless excitation frequengy= wb/c; = (b/d)(wd/c;).

The Poisson’s ratio, and damping ratig, of the soil.

On the other hand, the following dimensionless parameters@ansidered regarding the pile
foundations:

The pile spacing ratia/d, expressed as the ratio between the centre-to-centrengpaci
between adjacent piles and their sectional diameter.

The embedment ratid /b, measuring the relation between pile length and foundation
half-width.
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The pile slenderness ratib/d, measuring the relation between length and sectional di-
ameter of piles.

The pile-soil Young’s modulus ratify, / E, measuring the pile-soil relative stiffness.

The soil-pile densities ratip;/ p,.

The size of the square pile group.

e The dimensionless frequenay.

5 DIMENSIONLESS SYSTEM EQUATIONS

It can be shown that the equation of motion of the system @)).can be expressed as a
function of the dimensionless parameters already defirssillaws

A2 2AE] 0 0
0 No? 1617r2 %% f(m‘ )‘2‘72% 1617r2 f(}@
0 N0 5150 Koo N0 575 Koo
1 1 1 wiu/wuy,
S 1 T ©)
11 145 (14 me) w2het Jwuy,
1 L 1
—\? 12 | [, + 7 1 I,
1 1+ (14me)

Equation [(b) is obtained by introducing the structuralfiséis and damping expressions,
that corresponds to a viscous damping model, into the emu@d); adding the two firsts rows
of the equation so that the second equation represents timoht@al balance of the whole;
replacing the structural stiffness by its expressios w2m; extracting the structural mass,
as a common factor, from both sides of the equation and adldexgatrices of the first term of
the equation; extracting?/w? as a common factor from de first term of the equation; dividing
by h the third row of the equation and the third column of the systeatrix; replacing the
rotational inertiagl, and I by their expressiong, = m,b*/3 andI = mb?*/3, respectively;
normalizing the kinematic interaction factors and the ingr&ce functions; and expressing the
later ones in a dimensionless form.

The impedance functions are normalized as folloss;, = K,/ 11sb, Kpy = Koo/ 150>
and K,y = K.9/1sb*, and the kinematic interaction factors are normalized withfree-field
motion at the surface,, , beingl, = u,/u,, andl, = ¢,b/u,,, both being functions of the
dimensionless frequeney,.

Negligible differences were obtained from the comparisetween the results computed by
using this model and those reported by Veletsos [7] for ehafbundations, and Aviles and
Pérez-Rocha [15] for embedded foundations.

6 SOLUTION STRATEGIES

The objective is to find the dynamic characteristics of anvad@nt viscously damped single-
degree-of-freedom (SDOF) oscillator, as that shown in[Bi@n), which being subjected to the
free-field ground motion, causes the same response in tdrsisear force at the base of the
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structure as the coupled system involving kinematic andialénteraction with the foundation
ground within the range where the peak response occurs SO system can be defined by
its undamped natural periddand its damping rati@.

A procedure based on finding the eigenvalusf the 3DOF system is proposed in this paper
to determine the dynamic characteristics of the equivaDF system. This procedure is
similar to that proposed by Aviles and Pérez-Rocha [15ffmbedded foundations. However,
contrary to what they do, herein the cross-coupled horaenaicking terms and the high-order
terms involving products of damping coefficients are comd. Neglecting the cross-coupled
stiffness and damping ternis, andc,, is not acceptable for pile foundations, not even for
certain configurations of embedded foundations, even theugh assumption has been exten-
sively used by many authots [6-14].

In order to obtain manageable approximated expressiorteégoeriod and damping of the
interacting system while keeping all the impedances, thlef@andation interaction is con-
densed to a point at a certain virtual degiw) = — K,/ K, (see Figurél3) such that the
impedance matrix becomes diagonal, as some authors pr{i®de]. If, in addition,m,,
and], are neglected as usual (see, for instance [15])[&q. (5nhbeso

u m

(1+i2¢) 0 0
A2 0 a2 (14i2¢,,) 0 —
111 wiu/w?u,, L 1
111 : wiul Jwu,, = —\? (IU+EI¢,) 1
11 W2 (h+ D)t /Py,
where,
w
§'=—¢ (7)
Wn
02 o2 1 hl-

TT o 167’(’2 E gkxm (8)
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¢
= —= 9
Sor = 5 . (9)

1 Kl b2
2

— YT Rel|l——
716200 6{(h+D)2

2 _
Cpg =

f%} (10)

06 = P (12)
2Re [(h+D)2K€9D:|
beingK,, = ky, + i¢,, and
- 1 K?
Koo, = m <K09 — K@m) (12)
b? B h 2 9 h f(gw n f(gw A\ (13)

Solving the complex system of algebraic equations give®)rfdr w2 /i, yields the fol-
lowing expression fo€, which represents the ratio of the shear force at the base sttucture
to the effective earthquake force [19].

L)+ B
QN = |4 1B .
where
- 1 1+ 48, B 1+ 4&pp€’
AN =15~ Rz 1)~ Pag, (1) .
o £ =& & =&
B0 =2[¢ - ot e v ) 4o

The first root)\’ of equation[(1b) leads to a SDOF system whose peak resporesendd
always lead to an acceptable approximation for the 3DOFesygieak response. However,
better resuts are obtained by neglecting all second-oraepihg terms, which leads to the
following approximate expression fat

1 1 1
A2 N2, Nag,

AN =1

(17)

The dimensionless undamped natural frequency of the SDGEm) = wy/wn can be
found as the root of the equatidn {17). This is equivalenttresolution of the eigenvalue
problem from equatior {6), without considering damping.
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As, in this casef = 1/(2Q())), and taking the expression far(\) obtained from taking
equations[(15) and (16) as valuesAfand B, the effective damping rati¢ can be written as
follows

£ =

h -1 g/ 1 ga}a} 599
(i) (S5 (ma ey s ce) | o

_ The obtained values of the dynamic characteristics, effeststem period” and damping
&, are used to build modified response spectra that includef&st which allow to obtain more
accurate design criteria for building structures.

7 RESULTS

Herein, the described procedure is applied to several amafigns of pile supported struc-
tures in order to perform parametric studies of the influenfc8SI effects on their dynamic
response. In this paper, some conclusions are drawn frotysamgithe influence of the varia-
tion of parameters such as the size of the pile group, the-fiesg structure damping rato
the mass density rati@) the pile-soil Young’s modulus ratif,/ E;, the wave parameter and
the structural slenderness ratigh.

Different pile group configurations, for which the valuesto dimensionless parameters are
listed in Tabld L, are analysed. All configurations follow fhattern represented in Figlie 4.

Table 1: Pile groups configurations
s/d

2x2 3x3 4x4

75 7.5 3 3.75

15 15 10 7.5

75 3775 25 1875

2 15 7.5 3 3.75
30 15 10 7.5

15 3.7 25 1.875

30 7.5 d 3.75

L/b L/d

b=s b=3s/2 b=2s

I

T T

x bI_ bI_

EANE FANE/E A2

Figure 4. Geometric configuration of groups 2fx 2, 3 x 3 and4 x 4 piles

b

It is assumed thatn,/m = 0; £ = 0.05; & = 0.05 andv, = 0.4. These values are
representative for typical buildings and solils![15]. Morep,/p, = 0.7.
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7.1 Impedances and kinematic interaction factors

In this paper, all impedance functions and kinematic irtiéoa factors are computed using a
boundary element (BEM)- finite element (FEM) coupling md8%! Piles are modelled directly
using FEM as beams according to the Bernoulli hypothesigewbil is modelled using BEM
as a linear, isotropic, homogeneous, viscoelastic medWelded boundary contact conditions
at the pile-soil interfaces are assumed and the pile headsamstrained by a rigid pile-cap
which is not in contact with the half-space.

Figured 11 t¢ I5 show the impedances of the pile groups undestigation. On the other
hand, FigureE 12 {0 16 present their kinematic interactotofs (see appendix).

7.2 Influence of the mass density ratio

Figurel® illustrates the relevant influence that the massitieratio between structure and
supporting soil has on the system response. This respondeeceepresented in terms of ef-
fective period’/T and damping and maximum shear force at the base of the structure per
effective earthquake force urt,, = Max[|w2u/w?u,,|] . An increase of implies a decrease
of the system stiffness which results in greater valuei“ﬁ]“ andé. Thus, lower values of
Q.. are achieved. The influence of the aforementioned effeatsrbes more remarkable for
increasing values af/b. For the results provided below, the value of this paramistéaken
aso = 0.15 because it is representative for typical buildings andssaild has been used in
previous works (e.gL[7,15]).

7.3 Influence of the fixed-base structure damping rati@

Figure[6 shows how the variation of the fixed-base structareming ratio influences the
effects of SSI on the system dynamic response. It can be \@asénat this parameter has
no influence on the system effective per[ﬁ;ziT. However, as it is expected, it affects to the
system effective dampingthat reaches greater valuestancreases. This effect becomes more
remarkable for greater values of the wave parametdéBy contrast, its influence is negligible
whenl/o > 0.4. These variations on the system effective damping leadscteasing values
of @,,, for decreasing values of the fixed-base structure dampiim §aFurthermore, greater
values of the structural slenderness rdtjd implies a wider range of the parametemwhere
the variation o has a significant influence.

For the results provided in this paper, the value of thispatar is taken as = 0.05 because
it is representative for typical buildings and has been usg@devious works (e.gl [7, 15]).

7.4 Influence of the pile-soil Young’s modulus ratioZ, / E

As it can be seen in Figurésl17[ial 22, the variation of the @iliéYoung’s modulus ratio
affects to impedance functions and kinematic interactamtdrs. Consequently, SSI effects on
the system dynamic response are also influenced.

In order to analyse the influence &f,/E; on the dynamic characteristics of the system,
Figurel T presents the results considering two differentegbf this parameter.

Considering constant properties for the material of pileser values ofE,/E, imply an
increase of the soil stiffness which leads to greater vabiiese system effective periofl /T
and lower values of the effective dampifig Consequently, higher values 6%, are reached.
This effect is more remarkable for greater values of thegl#dederness ratib/d.
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Figure 5: Effective periodf/T, damping ratiof and maximum structural response valie,
for a 3 x 3 pile group withL/d = 7.5, L/b = 1, £ = 0.05, Ep/Es = 10® and &, = 0.05.
Influence of the mass density ratio
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h/b=1 h/b=2 h/b=5 h/b=10
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Figure 6: Effective periodf/T, damping ratiof and maximum structural response valie,
for a 3 x 3 pile group withZ/d = 30, L/b = 2, § = 0.15, Ep/Es = 10% and&, = 0.05.
Influence of the fixed-base structure damping ratio
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h/b=1 h/b=2 h/b=5 h/b=10
1
W
£
o
0 L L L L
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Figure 7: Effective periodf/T, damping ratiof and maximum structural response valie,
for 2 x 2 pile groups withL /b = 2, § = 0.15, £ = 0.05 and¢, = 0.05. Influence of the pile-soil
Young’s modulus rati@, / E
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Figure 8: Effective periodf/T, damping ratiof and maximum structural response valilg,
for 4 x 4 pile groups withL /d = 15, L/b = 4 and ¢, = 0.05. Influence of cross-coupled
impedances

7.5 Influence of cross-coupled impedances

Figure[8 illustrates the influence of the cross-coupled thapees on the system dynamic
response. As it can be seen, for configurations wijth > 5 the system dynamic response in
terms of@,, is subestimated when these elements of the matrix of impeEedaare neglected.
The relative error, in terms af),,, committed by neglecting the cross-coupled impedances,
could reach a0%. Therefore, all the results presented in this paper arar@ataonsidering
all the elements of the matrix of impedances.

7.6 Influence of kinematic interaction factors

In order to show how kinematic interaction influences thaesysdynamic response, Fig-
ure[9 presents the results involving total soil-structuteraction (both kinematic and inertial
interaction) or only inertial interaction. The system effee periodl’/T is not affected by kine-
matic interaction. However, generally, the effective dargg decreases when these factors are
considered. Therefore, the results for the system dynaesiganse computed without taking
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h/b=1 h/b=2 h/b=5 h/b=10

Total interaction
Inertial interaction +

T
o

0.05

20 T T T T T T T T r

!

!
T

3 01 02 03 04 05 01 02 03 04 05 01 02 03 04 05
/o /o l/o /o0

Figure 9: Effective periodf/T, damping ratiof and maximum structural response valilg,
for 4 x 4 pile groups withL. /d = 15, L/b = 4 and{; = 0.05. Influence of kinematic interaction
factors

kinematic interaction effects into account are not on tlle sif safety except for non-slender
structuresh/b < 1, in which case this trend could be reversed.

7.7 Influence of pile group size

A decrease of the number of piles leads to a reduction of thesystiffness, which implies
an increase of the effective period that becomes more rexbblfor greater values @f/b, as
it can be seen in Figufe110. Regarding the effective damgirigr h/b < 2, it reaches greater
values as the number of piles increases which leads to srmallees ofQ),,,.

8 CONCLUSIONS

In this paper, several parametric analysis are presentadier to study the influence of SSI
on the dynamic characteristics of structures founded omrggpile groups, in homogeneous
viscoelastic half-spaces subjected to vertically incidewaves. The analysis is performed by a
substructuring model in the frequency domain that takesdntount both kinematic and inertial
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Figure 10: Effective period’/T", damping ratio and maximum structural response valgg
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for pile groups withL /d = 15, L/b = 2 and&, = 0.05. Influence of pile group size
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interaction effects. In order to do this, a simplified, séadhd accurate procedure is proposed
herein. This procedure allows to determine the effectiveopeand damping of an equivalent
viscously damped single-degree-of-freedom (SDOF) @doil] which being subjected to the
free-field ground motion, causes the same response in tdrsisear force at the base of the
structure as the coupled system involving kinematic andialénteraction with the foundation
ground within the range where the peak response occurs.

All the results provided herein have a dimensionless charathus their physical interpre-
tation must be carefully done and requires a specific dateegsing taking into account the
influence of every dimensionless parameter.

The main conclusions are summarised below.

e The kinematic interaction does not influence the systenceffeperiod but leads to lower
values of the system damping, except for non-slender sirest

e Increasing values of the number of piles result in an in@edthe foundation stiffness
which leads to lower values d@f /T and greater values gf

¢ In the same line, lower values of the pile-soil Young’'s medulatio£,/ E result in an
increase of the foundation stiffness which leads to lowdues of the effective period
and greater values of the effective damping.

e Anincrease of the mass density ratio implies greater valtibee system effective period
and damping.

e The effective period is not affected by variations of thedbt®se structure damping ratio
¢. However, the influence of this variation on the effectivengang is more important as
the wave parameter increases.

e For slender buildings, the system effective damping remeliose to that corresponding
to fixed-base condition or lower.

Soil-structure interaction effects significantly influescthe system response. Period and
damping curves have been obtained considering theses#adtthey show noticeable differ-
ences in relation to those obtained considering fixed-basditon. These effects are more
decisive for pile foundations than for embedded or surfaggported foundations and its influ-
ence depends substantially on the configuration of the fatiorl
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Figure 11: Impedance functions of differentx 2 pile groups;E,/E, = 10* and¢, = 0.05.
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Figure 12: Kinematic interaction factors of differer®t x 2 pile groups; £,/ E, = 10° and
& = 0.05.
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Figure 13: Impedance functions of differeditx 3 pile groups;E,/E, = 10* and¢, = 0.05.
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Figure 15: Impedance functions of differeftx 4 pile groups;E,/E, = 10* and¢, = 0.05.
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Figure 17: Impedance functions forzx 2 pile group withL./d = 7.5, L/b = 2 and&, = 0.05.
Influence of the pile-soil Young's modulus ratip/ E
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Figure 18: Kinematic interaction factors for & x 2 pile group withL./d = 7.5, L/b = 2 and
& = 0.05. Influence of the pile-soil Young's modulus ratig/ £,



Cristina Medina, Juan J. Aznarez, Luis A. Padron and @idaviaeso

1.0 T T T T 4
E/E=10) ——
aQ E/E=10" —— o
o ps =)
o >
D05 1 = 2H .
E4 £
\>< / )
._*éx S
0.0 0
1
<+ wy
=) =)
= 10t | =
o >
“o o 0F 3
= =4
% 05 b %
D D
A S
0.0 1
(o] o
= =)
— 0 - . — 0 -
= S —— =
N:; N:; f;7_
= \ =
<-1r S i
D D
i S
2 . . . . 2 . . . .
00 01 02 03 04 05 00 01 02 03 04 05
wd/c wd/c

S

Figure 19: Impedance functions forax 2 pile group withZ/d - 15, L/b =2 and&, = 0.05.
Influence of the pile-soil Young's modulus ratip/ E
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Figure 20: Kinematic interaction factors for & x 2 pile group withZ /d = 15, L/b = 2 and
& = 0.05. Influence of the pile-soil Young's modulus ratig/ £,
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Figure 21: Impedance functions forax 2 pile group withZ/d _ 30, L/b=2and¢; = 0.05.
Influence of the pile-soil Young's modulus ratip/ E
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Figure 22: Kinematic interaction factors for & x 2 pile group withZ /d = 30, L/b = 2 and
& = 0.05. Influence of the pile-soil Young's modulus ratig/ £,
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